Hepatocellular carcinoma is the most prevalent type of tumor among primary tumors affecting the liver. Rapamycin is currently used as a basis for chemotherapy in the treatment of cancers, including the liver. Because it shows several adverse effects, minimizing these effects without compromising efficacy is important. In this sense other drugs may be used concomitantly. One of these drugs is fructose-1,6-bisphosphate (FBP), which has shown therapeutic effect in various pathological situations, having antioxidant and anti-inflammatory proprieties. The objective of the present study was to evaluate the activity of rapamycin in combination with the FBP in HepG2 cell proliferation and the mechanisms involved. HepG2 cells were analyzed after 72 h of treatment with both drugs. Cell proliferation, cytotoxicity, cytokines, apoptosis, senescence, autophagy and oxidative stress were accessed. Ιt was demonstrated that the combination is more efficient than the single use of substances, because subtherapeutic doses of rapamycin, when associated to FBP become effective, reducing cell proliferation, through a significant increase in the production of tiobarbituric acid reactive substances (TBARS), suggesting that this might be the cause of death by apoptosis. According to these results, we believe that the association of both drugs may be a promising choice for the treatment of hepatocarcinoma.
Introduction
Hepatocellular carcinoma (HCC) is among the leading diseases in the world today, being the fifth most common malignant tumor, representing 85% of primary liver tumors and accounting for nearly two thirds of death among cancers. The prognosis is generally poor due to rapid tumor growth and the absence of symptoms at the beginning of the disease (1, 2) .
The chronic inflammatory state appears to be necessary for the initiation and development of liver cancer and the HCC is an example of inflammation-related cancer (3, 4) . The presence of underlying diseases, such as hepatitis B and C, is a major cause of tumor (5) . HCC is among the top ten cancers that affect the world population. Its incidence has increased in recent years, mainly due to infection by the hepatitis C virus (6) .
Among the various types of cancer therapies, surgical resection, radiotherapy and chemotherapy are employed, the latter being the most widely used method. Therapies may be used singly or in combination (3) . Even with different options, treatment against cancer is difficult to be handled, mainly due to the low specificity of some drugs and the narrow therapeutic window, which are closely related to toxicity. Thus, the search and development of new therapies is extremely necessary (7) . A recent innovation in anticancer therapy is the inhibition of mTOR (mammalian target of rapamycin), which has been shown to suppress the growth of liver tumors and metastasis (8, 9) . These results are encouraging, but the HCC often shows higher resistance to rapamycin when used alone. Therefore, new studies have investigated the association of rapamycin with other antitumor drugs to reduce or avoid treatment resistance (10, 11) .
Rapamycin, a macrocyclic lactone produced by Streptomyces hygroscopicus, molecular formula C51 H79 NO13 and molecular weight 914.2, is a highly effective chemotherapy, its mechanism of action is the inhibition of mTorC1. since its approval by the us Food and drug Administration in 1999, rapamycin has been administered to patients who received kidney transplant due to its immunosuppressive activity. In the 80s, scientists also found that the drug inhibits the growth of tumors and, since 2007, two of its derivatives, temsirolimus (Wyeth) and everolimus (Novartis) have been approved against various cancers, including liver cancer, administered alone or in combination with other drugs (12, 13) .
The mechanism of action of rapamycin occurs intracellularly where these inhibitors form a complex with the protein bound to FK506 12 (FKbP-12) that is recognized by mTor. The formation of the complex results in the inhibition of the activity of mTor, and the s6K expression of the protein will result in the inhibition of cell cycle progression, survival and angiogenesis (14, 15) .
Clinical and experimental evidence shows strong correlation between the dosage and the toxicity. Rapamycin induces side-effects such as nausea, vomiting, anemia, hyperlipidemia, respiratory, cardiovascular, and nephrotoxicity, which are dose-dependent and limit the administration of higher dosages, thus, compromising therapeutic efficacy. nephrotoxicity is one of the major limitations and, for this reason, the monitoring of the renal function is required during treatment (16, 17) . This makes inadequate doses the most significant obstacle in the exact definition of the clinical role of rapamycin, and probably in expanding its activity. Therefore, when high doses are administered, rapamycin is essential to identify the effective drug carrier that can prevent or counteract the side-effects of rapamycin (16) . One of them is fructose-1,6-bisphosphate (FBP), a sugar which has mechanisms that promote renal protection (18) .
Previous studies reported the antioxidant and anti-inflammatory therapeutic properties plus a nephroprotecting effect in animal models of FbP. Knowing that the process of carcinogenesis involves inflammatory mediators such as cytokines, chemokines, and reactive oxygen species, we believe that the FBP can be helpful in maintaining the therapeutic effect of rapamycin and inhibition of adverse effects. Therefore, the aim of the present study was to evaluate the effect of rapamycin alone and in combination with fructose-1,6-bisphosphate on cell death and proliferation, inflammation and oxidative stress parameters in liver carcinoma cells (HepG2). The objective of this study was to evaluate the activity of rapamycin in combination with the FBP in HepG2 cell proliferation and mechanisms involved, looking to determine whether rapamycin ineffective doses can decrease cell proliferation and toxicity, when associated with FBP.
Materials and methods
Cell culture. Human hepatocarcinoma cell line (HepG2) was obtained from the American Type Culture Collection (ATCC; manassas, va, usa). The medium used for the culture of cells was dulbecco's modified Eagle's medium (dmEm) supplemented with fetal bovine serum (Fbs 10%) under a humidified atmosphere containing 5% CO 2 . HepG2 cells, after being cultured and presenting ~70% confluence, were detached from culture bottles and transferred to 96-well culture plates at a uniform cell density.
Treatment with rapamycin and fructose-1,6-bisphosphate. The plates were incubated at 37˚C in a humidified incubator with 5% CO 2 for 72 h, with the objective to establish a doseresponse curve using rapamycin (Wyeth Pharmaceuticals Co., Collegeville, Pa, usa), tested in different concentrations of 10, 20, 30, 40 and 50 nm (19, 20) and fructose 1,6 bisphosphate (sigma-aldrich, st. louis, mo, usa) at doses of 5 and 10 mm, and in dmEm medium in order to establish dose correlation of cell growth and proliferation. The choice of 72-h treatment time was based on other studies by our laboratory, that have shown that the best growth evaluation time is 72 h, and that at this time the cell growth is ~100%, in other words, the control group doubles the number of cells, which is taken as the ideal internationally to measure proliferation. The FBP concentrations were in agreement with experiments performed in our laboratory on HepG2 cells as was rapamycin on impact articles.
Evaluation of cellular proliferation. The assessment of the viability and cellular growth/proliferation was performed by cell counting in a Neubauer chamber. The experiments were performed in triplicate and repeated three times. After this evaluation the rapamycin doses of 10 and 10 mm FbP were selected.
Measurement of lactate dehydrogenase (LDH).
The test ldH (lactate dehydrogenase) is a marker of membrane integrity. The enzyme lactate dehydrogenase is present throughout the cell cytoplasm, and when the membrane is damaged it is released to the external environment. The ldH allows the analyzes of the number of total inviable (dead) cells (21) .
Cytotoxicity was assessed by the presence of the enzyme ldH measured in both supernatants and cell lysate of treatments in HepG2 cells, using the uv kinetic method (lactate-Pyruvate) by labtest diagnostic Kit sa. For the control of cell lysis, a 5% Tween was used.
Quantification of cytokines.
To measure cytokine production we used the bd Cytometric bead array (Cba), Human Inflammatory Cytokine Cba kit. according to kit manual, the bd Cba system uses the sensitivity of amplified fluorescence detection by flow cytometry to measure soluble analytes in a particle-based immunoassay. Each bead in a bd Cba kit provides a capture surface for a specific protein and is analogous to an individually coated well in an ElIsa plate. The bd CBA capture bead mixture is in suspension to allow for the detection of multiple analytes in a small volume sample (22) . The treated HepG2 cells were incubated for 72 h, supernatants were collected and stored at -20˚C for later analysis.
Evaluation of apoptosis, senescence and autophagy. HepG2 cells were treated in 24-well plates for a preview of apoptosis, senescence and autophagy. Apoptosis and senescence were evaluated by daPI (4',6-diamidino-2-phenylindole), a fluorescent staining that binds strongly to regions rich in adenine and thymine in dna sequences (23) . The evaluation of autophagy was by acridine orange (AO), a vital acidotropic fluorescent dye (24) . The results were visualized by fluorescent microscope and the apoptotic and senescent nuclei were quantified using Image-Pro Plus software.
Evaluation of oxidative stress. Oxidative stress of liver carcinoma cells was measured by the method of thiobarbituric acid (Tbars) by fluorimetry.
Statistical analysis. The results are presented using descriptive statistics (average and standard deviation). For the comparison of average between group analysis of variance (anova) and post hoc Tukey's test for multiple comparisons were used. In the presence of asymmetry the corresponding non-parametric was used. The level of significance was set at P<0.05 with a 95% confidence interval and the data were analyzed by sPss software (Statistical Package for Social Sciences) for Windows, version 15.0. (sPss, Inc., Cincinnati, oH, usa).
Results
The evaluation of cell proliferation of rapamycin (R) at concentrations of 10, 20, 30, 40 and 50 nm, FbP 5 and 10 mm and the association of the two substances was performed. Fig. 1 , presents that rapamycin (R) causes a significant decrease in concentrations of 40 and 50 nm and the FbP causes a reduction of cell growth at concentrations of 5 and 10 mm. In Fig. 2 , it is evident that the association with FBP 10 mm makes the subtherapeutic doses of 10, 20 and 30 nm of rapamycin (r) effective. already in combination with 5 nm of FBP, rapamycin (R) did not decrease cell proliferation in any of the concentrations. For this reason, the doses of 10 mm FbP and 10 nm rapamycin (r) were selected for the following experiments.
The integrity of the membrane of HepG2 cells treated with rapamycin (R) and FBP, isolated and in combination, was evaluated through the measurement of ldH in the cell culture supernatant. There was no significant decrease in the percentage of ldH released in any of the groups analyzed, demonstrating that there is no significant increase in cell death associated with necrosis in the treated groups in comparison to the control group (Fig. 3) .
Inflammation and cancer are associated, for this reason we evaluated the pro-inflammatory and anti-inflammatory cytokines. We selected tumor necrosis factor α, TNF-α ( Fig. 4A ) and interleukin 10, Il-10 (Fig. 4b) . The ratio between the cytokines was also calculated (Fig. 4C ). Changes of cytokines in relation to the control were not observed and the ratio gave the balance between pro-and anti-inflammatory cytokines.
To check whether the decrease of cellular proliferation was by apoptosis or senescence, daPI staining was used. The (Fig. 5d ). associated with that result, we had a significant increase of apoptotic nuclei percentage in the combination (Fig. 5E ) and a significantly increased senescent nuclei in the R and FBP isolated, when compared to control group.
Autophagy, another cellular death mechanism that involves cell degradation of unnecessary or dysfunctional components (25) , was analyzed in HepG2 cells through the use of acridine orange dye. No significant differences were fund between the study groups (Fig. 6) .
The oxidative stress can provoke cellular damage. For this reason, we analyzed thiobarbituric acid reactive substances (TBARS) (26) . Our results showed an antioxidant effect of FbP, but in association with r, it provokes a significant increase in the release of free radicals in relation to the other groups (Fig. 7) .
Discussion
HCC is closely linked with chronic inflammation. This association involves the time factor: the longer the inflammation persists, the greater the risk of developing cancer (27) . Rapamycin, a known immunosuppressant used in kidney transplant patients, also acts by inhibiting the complex of the mammalian target of rapamycin, mTOR. Also known as FKbP12-rapamycin associated protein (FraP), mTor is a serine/threonine protein kinase that promotes cell proliferation and differentiation (28) . Therefore, rapamycin is currently being used to treat certain types of cancer (29) . However, its use is limited due to its toxicity and resistance to prolonged use, which causes adverse events, mainly nephrotoxicity (30) . For this reason, the association with other substances in order to avoid adverse events becomes essential. The FBP, a sugar belonging to glycolytic cellular route that has some therapeutic effects in inflammatory diseases, such as rheumatoid arthritis and septicemia (31), was chosen for the combination with rapamycin.
our first results showed that rapamycin and FbP singly decreases the proliferation of HepG2 cells. However, when used in combination, rapamycin was effective at lower doses, suggesting a decrease in the therapeutic dosage. In essence, rapamycin has a high degree of toxicity and when associated with FBP showed an antiproliferative effect, which indicated that the association could result in greater effectiveness of rapamycin at concentrations that do not significantly decrease proliferation. despite the combination decrease the efficiency of FbP, increased the efficiency of 10 nm rapamycin, which was our target. This effect may have been caused by necrosis (cytotoxicity), apoptosis, autophagy or senescence. Therefore, with the intention of proving that this association has no cytotoxicity, we measured ldH that did not demonstrate correlation between the ceasing of cell proliferation and death due to necrosis, showing that the combination of the substances does not cause cellular toxicity.
Inflammatory mediators, such as cytokines, free radicals, prostaglandins, and growth factors can induce changes in cellular homeostasis, leading to the development and progression of cancer. several inflammatory mechanisms are involved in cancer. One of the most important is the genomic instability caused by inflammation. The activation of leukocytes, especially macrophages and granulocytes, leads to the synthesis of reactive oxygen species (ROS) and nitrogen (RNS) that can cause damage to dna, proteins and lipids, which may cause mutations in the cells. The free radical damage can be caused by a proinflammatory enzyme, cyclooxygenase-2 (COX-2), which leads to production of high levels of peroxides within the cells. Therefore, therapies that reduce inflammation prior to immunization can increase the efficacy of immunotherapy (32, 33) .
In the last two decades, evidence emerged that the molecular level of most chronic diseases, including cancer, are caused by a dysregulated inflammatory response. The tumor necrosis factor α (TnF-α) exerts regulatory role, by stimulating the biosynthesis of growth factors. It is directly cytotoxic to endothelial cells and can induce the biosynthesis of collagenases, proteases, reactive oxygen intermediates and arachidonic acid metabolites. On the other hand, antiinflammatory interleukins like interleukin-10 (Il-10) have multifaceted properties; such properties include the inhibition of prototypic inflammatory transcription factor nuclear factor kappa B, leading to suppressed cytokine production, reduc-tion of tissue factor expression, and inhibition of apoptosis of macrophages and monocytes after infection (34) .
To check if the decrease of cellular proliferation is occurring by the inflammatory route, we analyzed pro-inflammatory cytokines TnF-α and anti-inflammatory Il-10, besides the ratio between them. None of the parameters show changes in relation to the control, and the ratio demonstrated the inflammatory balance between cytokines.
Apoptosis, a programmed cell death, is decreased in cancer cells. many therapies try to increase apoptosis of these in order to reduce their proliferation.
Another way of cell death that is also reduced in cancer is senescence. Senescence is the aging of the cell that occurs when they stop dividing to replace other cells that, for some reason, failed to metabolize. On the other hand, cancer cells have an enzyme called telomerase that regenerates telomeres of the cell, allowing it to multiply indefinitely (35) .
Through the use of fluorescent staining daPI and the quantification of the images generated by fluorescent microscope, we noted a significant increase of the apoptosis in the association of rapamycin and FBP doses and this test result can be correlated with the percentage of the antiproliferative effect found in the viability assay. also, there was a significant increase in senescence of nuclei in the isolated rapamycin and FBP compared to the control group. By comparing the results of cell proliferation of the isolated drugs it is safe to conclude that, in spite of being a potential anticancer factor, senescence did not seem to influence the decrease of cell proliferation.
Autophagy, a mechanism that may protect against cancer by isolating damaged organelles, allowing cell differentiation, increasing and promoting cell death of cancerous cells (25) , may be related to senescence or apoptosis, because while autophagy decreases, apoptosis and/or senescence increases (36) .
When the tumor is established and autophagy is functional it can help the tumor to survive and grow, in the beginning, autophagy can phagocytize the mutated cells and suppresses the tumor. In contrast, apoptosis and senescence processes are irreversible. As no difference was observed between the treatment and control in acridine orange staining analyzes, and we had the result of apoptosis in combination, we did not continue with more specific tests.
The cytoperoxidation is a cell membrane damage caused by free radicals. This toxic effect can be assessed by the formation of thiobarbituric acid reactive substances (TBARS), especially malondialdehyde (mda) (26) . our results showed that, while FBP singly decreases the cytoperoxidation, the combination of the two drugs cause a significant injury provoked by free radicals, suggesting that this phenomenon might be the cause of cell death by apoptosis.
Apoptosis and senescence, the main routes that limit the growth of tumors, occurs in response to dna damage or stress. The decision between life and death can be determined by the extent of damage or the duration of stress (37) . Based on this, it is observed that due to the increased oxidative stress (TBARS) in cells treated with the combination, they are induced to apoptosis, while cells treated with isolated R or F has no increased oxidative stress and become senescent.
The present study promotes for the first time the combination of these two drugs and addresses the importance of trying the combination of substances such as FBP with other drugs commonly used to treat cancer, such as rapamycin, for a more effective result and the promotion of life quality for patients in treatment.
In conclusion, our results show that the two drugs individually cause decreased cell proliferation by senescence, however, when combined, increase cell death by apoptosis. These results are very important, since the decrease in apoptosis is one of the main factors that leads the cell to proliferate uncontrollably.
Based on this we can conclude that the concomitant use of rapamycin and FBP could be a promising treatment for patients with hepatocellular carcinoma, because the combination of rapamycin with FbP significantly reduces cell proliferation and, most importantly, brings to reality the possibility of achieving the goal of making an effective subtherapeutic dose, minimizing the serious known reactions to drugs used in cancer therapy today by the increase of free radicals and apoptosis when the association is used.
